Abstract:
INTRODUCTION
Portland cement is the main binder used by the construction industry with an annual production of almost 3 Gt [1] . Additionally, the projections show that in the next 40 years it will have a twofold increase, reaching 6 Gt/year. In the last decades, alternative binders meant to replace Portland cement were studied, with geopolymers being the most less significant of the group [2, 3] . These materials are based on aluminosilicates activated with alkali activators, thus leading to the formation of an amorphous aluminosilicate gel. The activation of precursors possessing higher calcium content, which are not classified as geopolymers, generates C-A-S-H gel which can coexist with minor secondary N-A-S-H gel [4] . Research works carried out so far in the development of these materials showed that much has already been investigated. However, geopolymers still show some shortcomings that need to be addressed so they can effectively compete against Portland cement [5 -7] . Cost is one of those shortcomings. The research conducted by Habert et al. [8] and Ouellet-Plamondon and Habert [9] confirmed that the cost of geopolymers is one of the main disadvantages when comparing these materials against Portland cement. McLellan et al. [10] also suggested that the use of less expensive waste feedstocks may reduce geopolymer cost. Abdollahnejad et al. [11] recently studied foam fly ash based two-part (NaOH, NaSiO 3 ) mixtures having confirmed that geopolymeric mixtures were not cost-efficient at all. This issue was also confirmed by Provis et al. et al. [12] who recognized that new activators that allow for cost-efficient geopolymers constitute a key aspect that should be further investigated. Since the current activators based on sodium hydroxide and sodium silicate represent the higher percentage of the geopolymer cost, a reduction in its amount would be a costefficient solution. However, as was already confirmed by previous studies [13] , such reduction will lead to a lower compressive strength ]. This means that it is important to investigate how additives such as calcium hydroxide, OPC or metakaolin can be used to compensate that mechanical reduction. On the positive side, geopolymers have the ability for waste reuse [14 -19] . This is important for a zero waste target [20, 21] . Fly ash is a material with potential to be reused as it possesses a high discard rate (Fig. 1) [22] . Also, recent studies [19] concerning waste geopolymerization reported fly ash utilization rates below 20%. Other recent works confirm the importance of further studies regarding the development of geopolymers based on fly ash precursors [23] . In this context, this paper evaluates how the mixed design of fly ash based geopolymeric mixtures with partial replacement of fly ash by metakaolin, Portland cement and calcium hydroxide influences their mechanical properties and cost-efficiency. 
Experimental Program

Materials
The raw materials used for the preparation of the mortars were fly ash, calcium hydroxide, metakaolin, cement type I 42.5R, sand, sodium silicate, sodium hydroxide and superplasticizer. Solid sodium hydroxide was supplied by ERCROS, S.A., Spain [24] , and was used to prepare a 12M NaOH solution. Distilled water was used to dissolve the sodium hydroxide flakes to avoid the effect of unknown contaminants in the mixing water. The NaOH mix was made 24 h prior to use in order to have a homogenous solution at room temperature. The sodium silicate solution was supplied by MARCANDE, Portugal [25] . The chemical composition of the sodium silicate was 13.5% Na 2 O, 58.7% SiO 2 and 45.2% H 2 O. The fly ash was obtained from The PEGO Thermal Power Plant in Portugal [26] and it was classified as class F according to the ASTM-C618 [27] standard. The chemical composition of the fly ash's main oxides is presented in Table 1 . The microstructure of the fly ash revealed a large variation in particle size (Fig. 2a) . The smallest median size of fly ash particles was of around 2µm in diameter and the largest reached approximately 59µm. Portland cement type I class 42.5R from SECIL, Portugal [28] and calcium hydroxide from LUSICAL H10 [29] Fig. (2b) . The sand was dried at 105 ºC during 24 hours before their use in the mixtures. Metakaolin was also used as an additive. It was produced through the calcination of commercial kaolin that was provided from MIBAL, Minas de Barqueiros, S.A. Portugal [30] . Kaolin was heat treated at 650˚C in a static furnace during 140 min in order to obtain reactive metakaolin (MK). Table 2 shows the composition of the mortars. These were prepared according to the following steps: (i) homogenization of sodium silicate and NaOH solution (12M) for 1 min; (ii) mixing all the solid materials together by using a speed of 65rpm for 3 min; (iii) addition of the activator and remixture for 1 min with a speed of 65rpm with subsequent mixing during 1 min at 90rpm. The mixture was then transferred to metallic molds with 50mm×50mm×50mm. The specimens were cured in laboratory conditions (25˚C and 65% RH). After nearly 4hr the specimens were demoulded and kept sealed with the plastic and then left in the same curing conditions until the date of testing. 
Mortar Production
Compressive Strength
The testing recommendations of EN1015-11 [32] were followed. After casting, the specimens were kept sealed with a plastic under at laboratory conditions until the testing date at 7days, 14 days and 28 days. The compressive strength measurements were carried out through a compressive strength apparatus model LLOYD-LR50K_PLUS with a capacity of 50KN. 
Microstructure
Small samples with 1cm diameter and 1cm height were extracted for SEM/EDS testing. The microstructural observation for different geopolymer mortar mixtures was carried out using standard SEM/EDS microscopy (NOVA 200 Nano SEM). Micrographs and chemical compositions were collected at an accelerating voltage of 10kV and 15kV, respectively, and variable working distance from 6 mm to 8 mm. The cylindrical sub samples from zones 1 to 3 were coated with a 30nm thick layer of Gold-Palladium (60%Gold and 40%Palladium). Finally, the SEM/EDS examination for all the specimens was conducted.
FTIR
The specimens resulting from SEM/EDS tests were also tested for Fourier Transform Infrared Spectroscopy (FTIR). The analysis of infrared transmission spectra was carried out through attenuated total reflectance mode (ATR) using a Perkin Elmer FTIR Spectrum BX with an ATR PIKE MIRacle. Specimens for FTIR study were prepared by mixing 1mg of sample in 100 mg of KBr as suggested by Zhang et al. [33] . The IR spectra were recorded over a range of 4000cm -1 and 400cm -1 at a resolution 4cm -1 .
Cost of Geopolymeric Mortars
The prices of the materials that were used to calculate the cost of the mortars are shown in Table 3 . 
RESULTS AND DISCUSSION
Influence of Mix Design on Compressive Strength
The compressive strength of geopolymer mortars for the mixtures with A/B=1 is shown in Fig. (3) . After 14 curing days, all mixtures have reached the majority of their compressive strength. This is independent of the partial replacement of fly ash by metakaolin, OPC or calcium hydroxide. Mixture 70FA_10CH_20MK_2.0SS/SH_1.0A/B showed a high compressive strength after 7 days of curing of almost 16 MPa, remaining unaltered for longer curing periods. The explanation may lie in the use of a high content of metakaolin, which is a very reactive aluminosilicate. All mixtures showed a compressive strength below 16 MPa. This value is lower than the typical compressive strength of geopolymers that can attain a compressive strength around 40-60 MPa after 28 curing days. One explanation concerns the fact that a lesser amount of sodium silicate was used. Also, no heat curing was used, although previous investigations [34 -36] have shown that heat curing is crucial for the mechanical performance of fly ash-based geopolymers. Recent findings confirm this [13, 37] . Another explanation could be related to a lesser reactivity of the fly ash used in this study compared to the reactivity of fly ash used. As noticed by other authors [38] , this is a critical parameter for high mechanical strength based geopolymers. The results show that the replacement of calcium hydroxide by Portland cement leads to lower compressive strength. This could be explained because the CSH gel, that is responsible for the strength of OPC, is retarded by the preferential reactions of calcium and silicon in the geopolymerization allowing the geopolymer to consume the available silica before calcium precipitation has began [39] . However, other authors (Pangdaeng et al., 2014) mention that the replacement of calcium hydroxide contributes to a reduction of CSH and to a lower compressive strength. In relation to the sodium silicate to sodium hydroxide (SS/SH) ratio, it can be seen that the maximum compressive strength is different for different SS/SH ratios in the different mixtures. For instance, while the mixtures based on 90% fly ash plus 10% calcium hydroxide have a maximum mechanical strength for an SS/SH of 2, the mixtures in which calcium hydroxide is replaced by Portland cement have a maximum compressive strength for an SS/SH of 1.5. This could mean that the new Si species provided by OPC require less soluble silicate. Pacheco-Torgal et al. [40] noticed the need for slightly higher SS/SH ratios for attaining optimum mechanical performance. Recently, Suksiripattanapong et al. [41] reported an optimum Na 2 SiO 3 /NaOH mass ratio of 4 for enhancing the mechanical strength of sludge-fly ash geopolymers. This means that geopolymers based on different precursors and with different additives have different optimum SS/SH ratios. Figs. (4 and 5) shows the compressive strength results for the mixtures with an A/B=0.8 and A/B=0.7. Again, it can be seen that the majority of strength development, takes place on the first seven days of curing. It is also noticeable that the reduction in the amount of activator is not translated automatically into a decrease in the maximum compressive strength (maybe because the reduction of the activator is associated with a reduction in the workability of the mortars possessing increased internal porosity). Fig. (6) provides a clear picture of the influence of the activator/binder mass ratio on the compressive strength. Fig. (7) shows the plot of all compressive strength values for 28 days curing versus the H 2 O/Na 2 O molar ratio, the water/binder ratio and the sodium/binder ratio. From the analysis of the plots, no clear correlation can be established. This means that, in geopolymers, such correlations are very much dependent on the composition of the mixtures. However, if the plotted compressive strength results were aggregated according to their Na 2 SiO 3 /NaOH mass ratio, a superior correlation rate would be noticed (Fig. 8) . Fig. (9) shows the compressive strength versus H 2 O/Na 2 O molar ratio according to curing periods for geopolymer mortars with an A/B=1. There is a general trend that links an increase in the compressive strength with the decrease of H 2 O/Na 2 O molar ratio, the most obvious being the mixture with 90% fly ash and 10% OPC. Still, some exceptions can be noticed for mixtures with partial replacement of fly ash by metakaolin. Nevertheless, the results must be seen bearing in mind that the variations in the H 2 O/Na 2 O molar ratio between the different mixtures are minor. That fact helps to understand why the typical sharp curve is absent. 
Microstructure
The general view of the microstructure of the selected mortars is presented in Fig. (10) . The presence of unreacted fly ash particles is detected in all mixtures. The microstructure of the mixture with the highest 28 days compressive strength (14.5 MPa) seems to be denser and uniform (Fig. 10c) when compared to mixtures with lower strength. The micro-cracks visible in Fig. (11e) are consistent with the fact that this mixture has a lower 28 days compressive strength of 10.9MPa. Traditional porous Interfacial transition zone-ITZ seen in OPC microstructure was not detected in the geopolymeric mixtures studied in the current investigation (Fig. 11) . Table 4 presents the atomic ratios for the different geopolymeric mixtures. The atomic SiO 2 /Al 2 O 3 is always higher than that of SiO 2 /Al 2 O 3 ratio obtained for pure fly ash and pure metakaolin. This suggests the formation of hydration products due to the presence of Si species from the incorporation of sodium silicate in the mixtures. All the compositions showed low CaO/SiO 2 ratios between 0.12 and 0.21. This is very different from typical C/ratios in OPC chemistry that range from 2.5 to 2.0 [42] . This could be due to the replacement of Na with Ca 2+ in the CSH matrix. In fact, some authors [43] already demonstrated that sodium incorporation in the CSH phase increases as C/S ratio decreases. 
Fig. (8).
Compressive strength versus: (a) H2O/Na2O molar ratio; (b) water/binder ratio; (c) sodium/binder ratio for all mixtures according to the Na2SiO3/NaOH mass ratio. 
FTIR analysis
The IR spectra of five geopolymer mixtures are presented in Fig. (12) . The peaks centered around 970 cm -1 for all geopolymeric mixtures are characteristic of a geopolymerization reaction corresponding to the Si-O-Al stretching vibration. Typical Si-O-Si stretching vibration at 1057 cm -1 has been noticed for the mixture with the lowest A/B ratio.
For this mixture, a very sharp peak at 777 cm -1 corresponding to Al(IV)-O stretching vibration can also be seen. Si-OH bending vibration at 865 cm -1 was noticed for the fly ash mixtures with the A/B=1. The absorption bands around 1434 cm -1 for all geopolymeric mixtures are attributed to stretching vibrations of CO 3 2-ions [44] , thus confirming the existence of carbonate species in all tested mixtures. Concerning the geopolymeric fly ash based mixtures, the use of a lower activator/binder ratio is associated with a decrease in the hydration water band at 3355 cm -1 . A water hydration band at 1643 cm -1 [45] can be seen for both metakaolin based mixtures. 
Cost Analysis
Fig. (13) shows the ratio of the cost per cubic meter with respect to the activator/binder mass ratio and sodium silicate/sodium hydroxide ratio. The cost of the mixtures increases as the activator/binder ratio also increases. Also, the lower the Na 2 SiO 3 /NaOH ratio, the lower the cost. The mixtures have a minimum cost of around 200 euro/m 3 and this can be obtained for mixtures with, both, fly ash or metakaolin and with the introduction of different additives (OPC or calcium hydroxide). The lowest cost per cubic meter can be achieved when both ratios of activator/binder and sodium silicate/ sodium hydroxide are lower for all studied mortars. This was also reported by other authors [11] , and can be explained by the cost fraction of the activator in the mixtures.
This fraction can reach up to 80% of the total cost. In the mixtures with calcium hydroxide (Fig. 13a) , the activator/binder ratio of 0.7 shows that the cost/compressive strength ratio is lower than higher activator binder/ratios. The mixtures with cement and metakaolin at several activator/binder ratios are shown in Fig. (13b, c, d, e) . The observations are quite similar to those already made for calcium hydroxide mixtures. The cost/compressive strength ratios versus activator/binder ratios for all studied mortars are shown in Fig. (14) .
It is interesting to remark that comparing between mixtures with Portland cement and calcium hydroxide, the latter mixtures always reveal higher cost/compressive strength ratio due to the fact that Portland cement is less expensive than calcium hydroxide (one-third). The results suggest that using a lower activator/binder ratio (e.g. 0.8) may improve the cost efficiency of the geopolymer mortar with Portland cement as the ratio of cost/compressive strength is minimum when the ratio of sodium silicate/ sodium hydroxide decreases.
However, unlike the observation made for Portland cement (see Fig. 14b, c) , a reduction in the ratio of cost/compressive strength was noticed for the mixtures with sodium hydroxide and metakaolin, particularly, at the lower activator/binder ratio of 0.7, when the ratio of sodium silicate/sodium hydroxide is 2.5 (Fig. 14a, d, e) . 
